Hydroxyochratoxin A was isolated and identified from the urine of rats after injection with ochratoxin A. By incubating ochratoxin A with rat liver microsomes and reduced nicotinamide adenine dinucleotide phosphate, one major (90%) and two minor metabolites, more polar than ochratoxin A, were formed. Thin-layer chromatography revealed that the major metabolite had (7), and it also produces iron deficiency in chickens, probably by inhibiting iron absorption from the gastrointestinal tract (3).
involvement of a cytochrome P-450 in the hydroxylation of ochratoxin A by rat liver microsomes. Apparent Km and Vmax values for the formation of hydroxyochratoxin A were determined to 50 ,uM and 5.5 nmol/mg of protein per h, respectively.
Ochratoxin A, a dihydroisocoumarin derivative linked through its 7-carboxy group to L-, 8- phenylalanine, is a secondary metabolite of several fungal species belonging mainly to Aspergillus and Penicillium. This mycotoxin is a natural contaminant of a variety of food and feedstuffs. Ochratoxin A has, among other toxic effects, been shown to cause nephropathy in swine (7) , and it also produces iron deficiency in chickens, probably by inhibiting iron absorption from the gastrointestinal tract (3) .
Intraperitonal injection of rats with ochratoxin A causes excretion in the urine of the unaltered toxin, the isocoumarin derivative, and a compound with the same chromatographic properties as 4-hydroxyochratoxin A (4). Little is known about the formation of 4-hydroxyochratoxin A in animals. The hydroxylation of ochratoxin A by rat, pig, and monkey liver microsomes has previously been reported (C. C. Chang, Dissert. Abstr. B, 3774, 1975) .
In this paper we describe the isolation and identification of this metabolite from rat urine.
We further demonstrate the formation of hydroxyochratoxin A from ochratoxin A by the liver microsomal fraction, most likely by a cytochrome P-450 enzyme.
MATERLALS AND METHODS
Ochratoxin A. Ochratoxin A was a gift from P. Krogh (10) .
Other chemicals were standard commercial high-purity materials.
Animals and preparation of subcellular fractions. Male Wistar rats, 175 to 250 g, were used. In some experiments, the rats were given phenobarbital, 1 g/liter, in the drinking water 3 to 4 weeks before sacrifice. The rat liver mitochondria were prepared as described previously (12) . The microsomes were prepared from the post-mitochondrial supernatant by centrifugation at 100,000 x g for 75 min. The pellet was resuspended once, and the centrifugation was repeated. The final pellet was suspended in 20 mM tris(hydroxymethyl)aminomethane-hydrochloride, pH 7.4, containing 30% glycerol and 1.15% KCl, and stored at -70°C. Protein was determined by the method of Lowry et al. (8) , using bovine serum albumin as a standard.
Incubation and extraction. The complete incubation mixture contained, in 1 For quantitative determination of hydroxyochratoxin A, the plates were developed in solvent system B and scanned in a Vitatron densitometer LTD 100 equipped with a mercury lamp (excitation at 366 nm and emission at 460 nm). The recorded areas of the spots were compared with standards of hydroxyochratoxin A isolated from rat urine. A molecular extinction coefficient of 6,400 M-' cm-' at 334 nm (4) was used to calculate the concentration of this compound.
Isolation of hydroxyochratoxin A from rat urine. Four male rats, 250 g each, were injected intraperitoneally with 2 mg of ochratoxin A, and urine collection was started. Two days later, the injection was repeated.
The collected urine was acidified to pH 2.0 with 6 N HCl and extracted three times with chloroformmethanol (3:1). The organic fraction was evaporated in a rotavapor, dissolved in chloroform, and further purified on preparative TLC in systems A and F. The fluorescent band containing hydroxyochratoxin A was extracted with chloroform-methanol (2:1). The solution was filtered, and the procedure was repeated three times. The filtrates were combined and evaporated, and the residue was dissolved in chloroform. The final solution was applied to a Sephadex LH 20 column (1 by 10 cm) and washed with chloroform. The column was eluted by a stepwise increase in methanol, and hydroxyochratoxin A was eluted as a green fluorescent band with a mixture of chloroform-methanol (2:8). The solvent was evaporated, and the residue was dissolved in 0.1 ml of methanol-water-acetic acid (55: 45:2).
Portions of the solution were injected into a Spectra Physics high-pressure liquid chromatographic instrument equipped with a Spherisorb ODS 5-,um column (4.6 by 250 mm) and a UV detector (254 nm). The same solvent used to dissolve the residue (see above) was used for elution at a flow rate of 1.0 ml/min and 2-ml fractions were collected. The fractions (8 and 9) with the strongest fluorescence, visualized with a UV lamp at a wavelength of 366 nm, were combined. They corresponded to a sharp UV-absorbing peak on the recording diagram. The solution was evaporated, and the residue was redissolved in chloroform.
Mass spectroscopy. An AEI MS 902 mass spectrometer was used for mass spectroscopy analysis by the direct-inlet method. Ionization voltage was 70 eV, and ionization chamber temperature was 2000C.
Binding of ochratoxin A to microsomal cytochrome P-450. Binding of toxin was studied by using an Aminco DW-2 spectrophotometer in the split-beam mode. To avoid interference from the spectrum of ochratoxin A (peak at 380 nm), divided cuvettes were used (5 
RESULTS
Identification of hydroxyochratoxin A from rat urine. The metabolite isolated from rat urine was identified by its mass spectrum as hydroxyochratoxin A with the additional hydroxy group in the isocoumarin moiety (Fig. 1) . The spectrum showed a weak molecular ion with m/z 419 (1.3%) as compared with the base peak m/z 255 (100%). A dominant ion of mass 271 (90%) was apparently forned by a McLafferty rearrangement (9) .
The presence of chlorine in the molecule was evident from a number of ion peak pairs such as m/z 419 and 421, 271 and 273, 255 and 257, and 227 and 229, having a ratio of approximately 3:1 (chlorine isotopes 35 and 37).
The exact position of the additional hydroxyl group cannot be determined from the mass spectrum. The hydroxy derivative of ochratoxin A isolated both from cultures of Penicillium viridicatum and from rat urine has been identified as 4-hydroxyochratoxin A (4). We therefore assume that the isolated metabolite described herein is 4-hydroxyochratoxin A.
Formation of hydroxyochratoxin A by rat liver microsomal fraction. By incubating liver subcellular fractions with ochratoxin A, both the mitochondrial and the microsomal fractions were found to catalyze the transformation of ochratoxin A into more polar metabolites. The microsomal fraction was by far the most effective in this respect, and at least three product peaks more polar than ochratoxin A were observed on the chromatograms (Fig. 2) .
The most prominent peak (I, Fig. 2 ) was found to have the same chromatographic properties as hydroxyochratoxin A isolated from rat urine when tested by TLC in six different systems (Table 1) . We therefore assume that these two metabolites are identical. The two minor peaks (II and III, Fig. 2 generating system. When NADH was used as a cofactor, the rate of formation was reduced to 24% of that seen in the presence of NADPH (Table  2) , strongly suggesting the involvment of cytochrome P-450. The rate of hydroxylation of ochratoxin A was found to be linear with the amount of microsomal protein at least up to 3 mg of protein per ml. Product formation was furthermore linear with time up to 60 min, and the pH optimum for the reaction was about 7.5 (Fig. 3) . Effect tions in the presence of the same amount of microsomal protein from both normal and phenobarbital-treated rats (Fig. 4) . Michaelis kinetics were obtained in both cases, with similar Km values, 51.7 and 48.8 ,uM, from normal and phenobarbital-treated animnals, respectively. The V.ax, however, increased 3.4-fold upon phenobarbital treatment, from 5.5 to 18.7 nmol of hydroxyochratoxin A per mg of protein per h.
Binding of ochratoxin A to microsomal cytochrome P450. Interaction of ochratoxin A with a microsomal cytochrome P-450 was evident from the spectral changes induced by the substrate (Fig. 5) . The peak at about 394 nm and the trough at 425 nm are characteristic of a type I difference spectrum. Titration of the spectral shift with increasing amounts of ochratoxin A allowed the determination of a spectral dissociation constant (K8) of 37.6 ,iM (Fig. 6 ). This value is very similar to the Km determined for the enzyme reaction and makes it reasonable to assume that the spectral change observed reflects the formation of a true enzyme-substrate complex between cytochrome P-450 and ochratoxin A. Difference spectrum obtained by the addition of ochratoxin A to a suspension of rat (phenobarbital-treated) liver microsomes. A 0.5-ml amount of a microsomal suspension (2 mg of protein/ml) in 50 mM potassium phosphate, pH 7.4, was added to the sample and reference compartments of two divided cuvettes. Two milliliters ofthe buffer was added to the tandem compartments of the cuvettes, and the baseline was recorded. Then 4 pg of ochratoxin A in 1.6 ,ul of dimethylformamide was added to the microsomal suspension in the sample cuvette, and the same amount was also added to the buffer in the reference cuvette. A 1.6-,ul amount of the solvent was added to the two remaining compartments of the cuvettes, and the spectrum was recorded.
DISCUSSION
This work clearly demonstrates that ochratoxin A is metabolized by rat liver microsomal fraction with the formation of at least three metabolites more polar than ochratoxin A itself. (6) . The combination of Km = 50 yM and V,,. = 5.5 nmol/mg of protein per h reported here for ochratoxin A indicates that the microsomal hydroxylating capacity for this toxin is considerably lower than for afla B1. This rather low hydroxylating capacity may partly explain why a large proportion of a dose of ochratoxin A injected into rats is excreted unaltered in the urine (1) .
The structure and the toxicological importance of the two minor metabolites formed by the microsomal fractions have not yet been investigated. They may represent other hydroxylation products of ochratoxin A. Recently two new metabolites of ochratoxin A were detected in the urine from goats (11) . These compounds may be identical to those reported here.
